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Section S1. Magnetic properties in (Co 0.5 Zn 0.5 ) 20−x Mn x Section S2. ZFC process in Co 7 Zn 7 Mn 6 Section S3. Field-sweeping processes in Co 7 Zn 7 Mn 6 Section S4. FW and FC processes across the spin glass transition temperature in Co 7 Zn 7 Mn 6 Section S5. ZFW and FW processes after field sweepings at low temperatures in Co 7 Zn 7 Mn 6 Fig. S1 . Information of single-crystalline bulk samples of Co 7 Zn 7 Mn 6 . . SANS and ac susceptibility measurements in the field-sweeping process at 20 K, and the subsequent temperature-sweeping process in Co 7 Zn 7 Mn 6 . Fig. S8 . Field dependence of the SANS intensities in the H || beam geometry at all the measured temperatures. Fig. S9 . SANS and ac susceptibility measurements in the ZFW process after the field-decreasing run at 50 K and a subsequent ZFC process in Co 7 Zn 7 Mn 6 . Fig. S10 . Field-swept ac susceptibility measurements after several warming processes in Co 7 Zn 7 Mn 6 . Section S1. Magnetic properties in (Co 0.5 Zn 0.5 ) 20-x Mn x Figure S2A shows the temperature dependence of the magnetization for (Co 0.5 Zn 0.5 ) 20-x Mn x for several Mn concentration (x)-values. The helimagnetic transition temperature T c decreases with increasing x. For 3 ≤ x ≤ 6.5, while the helimagnetic transition is still observed, the magnetization in the field warming (FW) run after the zero-field cooling (ZFC) process shows a drop at low temperature which is not observed in the field cooling (FC) process. For x ≥ 7, the magnetization values are much smaller than those for x ≤ 6.5 due to the suppression of helimagnetic state with dominant ferromagnetic interaction. Instead, the typical temperature-dependences for a spin glass, i.e. a cusp and a hysteresis between FC and FW processes, are observed at ~ 60 K. In view of the systematic change of the magnetization curves across x = 6 ~ 7, the drop of magnetization in the FW process observed in 3 ≤ x ≤ 6.5 is interpreted as due to a reentrant spin glass transition after a helimagnetic ordering. The spin glass transition temperature T g is independent of x in the range of 7 ≤ x ≤ 14 while the magnetization value becomes smaller with increasing x. For x ≥ 16, T g smoothly decreases and finally no magnetic transition is observed at x = 20. example, Al (19) and Co (21). The spin glass phase exists over a wide x range and coexists with the helical phase for 3 ≤ x ≤ 6.5. This demonstrates the existence of Mn-Mn antiferromagnetic correlations even in the helical phase. A reentrant spin glass transition after a long-range magnetic ordering as in the present case has been reported in other materials, including both ferromagnetic (23) and antiferromagnetic (24) systems, and in all of which the reentrant spin glass state is considered to microscopically coexist with the long-range ordered state.
As shown in fig. S2C , the magnetization at 2 K and 7 T is maximized around x = 2. This suggests that Co and Mn are essentially ferromagnetically coupled at least in the low x region while antiferromagnetic Mn-Mn interactions become increasingly significant for higher x values. In fig.   S2D , we plot the lattice constant of the β-Mn-type structure as a function of x. Although the lattice constants of Co 10 Zn 10 and Mn 20 are very similar (~ 6.32 Å), those of the alloys in between show a broad maximum at x ~ 12. This may reflect changes in the magnetic state at the atomic level as the Mn substitution proceeds. Section S2. ZFC process in Co 7 Zn 7 Mn 6 Figure S3 shows ac susceptibility and SANS measurements obtained during the ZFC process.
As shown in fig. S3B , the real part of the ac susceptibility χ′ shows a large increase around 160 K due to the helimagnetic transition, gradually decreasing below 90 K, and finally dropping more sharply around 30 K, where the imaginary part χ" shows a large peak. The temperature dependence of χ′ at several ac frequencies f is shown in fig. S3C . The temperature T(f) at the drop of χ′, determined as the inflection point, increases with increasing f. This frequency dependence is typical for a spin glass and is well fitted to a power law,
. Here, T 0 is the spin freezing temperature in the limit of f → 0, and τ 0 is a relaxation time of spin flop at T = 2T 0 , and zν are critical exponents. The obtained value of T 0 = 24.6 K is reasonable being close to the value of As shown in fig. S3D , the spots in the SANS pattern broaden below ~ 100 K and are accompanied by a clear increase in q, indicating that the helical state becomes partially disordered and that the periodicity decreases below 100 K. To discuss these temperature variations of the SANS patterns quantitatively, the integrated intensities for directions close to <100> and <110> are plotted as a function of temperature in fig. S3F . The integrated intensities for both directions decreases and the azimuthal angle-dependent q distribution becomes more uniform below ~ 90 K. In fig. S3E , line profiles of the azimuthal angle-averaged intensity are plotted against q and fitted to Voigt functions. The center q 0 and the full-width-half-maximum (FWHM) of the Voigt functions, and also their inverses (the helical periodicity λ and the correlation length ξ) are plotted as a function of temperature in fig. S3G and H, respectively. The intensity profile is observed to broaden along the radial q direction below ~ 90 K, and the helical periodicity shrinks from 110 nm to 73 nm.
These quantities saturate and become almost temperature-independent below 60 K. under magnetic field, as also indicated in fig. S4I . Therefore, it is safely concluded that 130 K is the low temperature limit of the equilibrium SkX phase. Figure S5 shows the results at 100 K. In the ac susceptibility measurement ( fig. S5C ), the dip structure of χ′ is not discerned any more. In the SANS measurement ( fig The SANS intensity in the field-decreasing run is even weaker than that in the field-increasing run. These results indicate that the volume fraction of any skyrmion state is tiny and that the conical state is dominant at 100 K. Figure S6 shows the results at 50 K. In the SANS measurement in the H || beam geometry ( fig.   S6B ), the pattern with 4 broad spots (disordered helical) changes to a ring pattern above 0.1 T in the field increasing run, and the ring pattern appears again and persists to zero field in the subsequent field-decreasing run from the ferrimagnetic state. In the H ⊥ beam geometry ( fig.   S6C ), elliptically deformed patterns are observed under magnetic fields and remain at zero field after the subsequent field-decreasing run. This elliptical pattern is interpreted to be due to a superposition of a ring pattern and 2 broad spots at horizontal positions. Therefore, the threedimensional q distribution corresponds to a superposition of a spherical shell and 2 broad spots, the latter of which correspond to a disordered conical state. The integrated intensity of the spherical pattern is larger than that due to the additional 2 broad spots ( fig. S6F ). Similar field dependent behavior was also observed at 60 K, 40 K and 30 K. The spherical SANS pattern observed at low temperatures is consistent with either (i) three-dimensionally disordered helical state or (ii) three-dimensionally disordered skyrmions. As shown in Fig. 4 and the equilibrium helical/conical state lowers as the field is decreased, which is in good accord with the case of metastable SkX states accessed by supercooling (17, (25) (26) (27) . where A becomes less than 1% above 100 K for each H 0 (panel E). For the other phase boundaries, the same data points as Fig. 2A in the main text, determined by ac susceptibility in fieldincreasing processes after ZFC, were used.
